INTRODUCTION {#SEC1}
============

Chloroplasts are organelles found in plant and algal cells, which are responsible for carrying out photosynthesis. The origin of chloroplasts is thought to result from an endosymbiotic event where an early eukaryotic cell engulfed a photosynthetic cyanobacterium ([@B1]). As such chloroplasts possess their own genome, as well as the transcription and translation machinery to convert the genetic information into polypeptides or proteins ([@B2],[@B3]). Chloroplast ribosomes, or chlororibosomes, are very specialized since they are only involved in synthesizing the limited number of proteins encoded in the chloroplast genome ([@B2],[@B3]). For example, the complete genome sequence of the *Spinacea oleracea* (spinach) chloroplast contains 146 genes encoding protein products and structural RNAs ([@B4]). The majority of the chloroplast-encoded proteins are targeted to the chloroplast thylakoid membranes and encompass components of the adenosine triphosphate (ATP) synthase, cytochrome b/f and photosystem I and II complexes ([@B4]). In addition, chlororibosomes translate NADH dehydrogenase, the large subunit (LSU) of RuBisCO, RNA polymerase subunits and a distinct subset of ribosomal proteins (RPs), 12 from the small subunit (SSU) and 8 from the LSU. Other proteins essential for chloroplast function are nuclear encoded and must therefore be imported into the chloroplast. This includes the remaining 32 chloroplast RPs (cpRPs), which bear N-terminal chloroplast-targeting sequences that are cleaved off upon import ([@B5],[@B6]).

Sequence comparisons indicate that the components of the chloroplast translational machinery are similar to those of eubacteria, especially cyanobacteria, but also γ-proteobacteria, such as *Escherichia coli*. The chloroplast 16S rRNA (cp16S) of the SSU contains 1491 nucleotides (nts) and is therefore only slightly smaller than the *E. coli* 16S rRNA (Ec16S), which has 1542 nts. The *E. coli* LSU contains 2 rRNAs, the 5S (120 nts) and 23S (2904 nts) rRNAs, totaling to 3024 nts. While the chloroplast LSU comprises 3 rRNAs, 5S (121 nts), 4.8S (103 nts) and 23S (2810 nts) rRNAs, the total length of 3034 nts is only slightly larger (10 nts) than in *E. coli*. Similarly, chlororibosomes contain a total of 52 cpRPs (25 in the SSU and 33 in the LSU) and with the exception of L25 and L30, have orthologs in *E. coli* ([@B5],[@B6]). However, the cpRPs are generally larger than their *E. coli* counterparts, predominantly due to N- and C-terminal extensions (NTEs and CTEs) ([@B5],[@B6]). Proteomic studies also identified six non-orthologous proteins, termed 'plastid-specific RPs' (or PSRPs) ([@B5]--[@B7]). Four PSRPs (PSRP1-4) were found to be associated with the SSU and two (PSRP5 and PSRP6) with the LSU ([@B5]--[@B7]). A cryo-EM reconstruction of the spinach chlororibosome at 9.4 Å provided first insights into the localization of the PSRPs and cpRP extensions ([@B8]), however, higher resolution is required to accurately assign and describe the interactions of the PSRPs and cpRP extensions within the chlororibosome.

Here we present a cryo-EM structure of the spinach chlororibosome, with an average resolution of 5.4 Å for the SSU and 3.6 Å for the LSU, revealing the binding site of the PSRP1, PSRP4, PSRP5 and PSRP6 as well as the conformation of numerous cpRP extensions. The structure illustrates how cpRP extensions and PSRPs wind their way through the core of the chlororibosome establishing interactions with neighboring rRNA and RPs. In many cases, the cpRP extensions interact with RNA or protein features that are specific to the chlororibosome, thus providing insight into their co-evolution. We also identify a large conglomerate of cpRP mass adjacent to the tunnel exit site that we suggest facilitates interaction of the chlororibosome with the thylakoid membrane and the protein-targeting machinery.

MATERIALS AND METHODS {#SEC2}
=====================

Isolation of chloroplast 70S ribosomes {#SEC2-1}
--------------------------------------

Chloroplast ribosome isolation was performed as described previously ([@B9]). Briefly, 6 kg of spinach leaves were deveined and washed thoroughly. The leaves were homogenized (2l/kg of leaves) using 0.7 M Sorbitol in buffer A (10 mM Tris--HCl pH 7.6, 50 mM KCl, 10 mM MgOAc, 7 mM β-mercaptoethanol). The homogenate was filtered through several layers of cheesecloth and one layer of Miracloth (Calbiochem) before centrifugation at 1200 × *g* for 15 min. The pellet was resuspended in 0.4 M Sorbitol in buffer A and re-centrifuged at 1200 × *g* for 15 min. The washed chloroplast pellet was resuspended in buffer A supplemented with 2 % (v/v) Triton-X100 and incubated on ice for 30 min. The lysed suspension was clarified by centrifugation at 26 000 × *g* for 30 min before isolation of crude ribosomes by centrifugation at 50 000 × *g* for 24 h through a 1M sucrose (in buffer B: buffer A with 10% glycerol). The greenish pellet was washed and then resuspended in buffer B with gentle agitation. The crude ribosomes were clarified by centrifugation at 26 000 × *g* for 15 min before being either snap frozen at −80°C. Alternatively, the clarified supernatant was applied directly onto a 10--30% sucrose gradient (in buffer B) in order to obtain tight-coupled chloroplast 70S ribosomes.

Negative-stain electron microscopy {#SEC2-2}
----------------------------------

Ribosomal particles were diluted in buffer A to a final concentration of 5 A~260~/ml. One drop of each sample was deposited on a carbon-coated grid. After 30 s, grids were washed with distilled water and then stained with 2% aqueous uranyl acetate for 15 s. The remaining liquid was removed by touching the grid with filter paper. Micrographs were taken using a Morgagni transmission electron microscope (FEI), 80 kV, wide angle 8K CCD at direct magnifications of 110K.

Cryo-electron microscopy and single particle reconstruction {#SEC2-3}
-----------------------------------------------------------

A total of 5 A~260~/ml chloroplast ribosome sample was applied to 2 nm pre-coated Quantifoil R3/3 holey carbon supported grids and vitrified using a Vitrobot Mark IV (FEI, Eindhoven). Data collection was performed using an FEI Titan Krios transmission electron microscope equipped with a Falcon II direct electron detector (FEI, Eindhoven), using a pixel size of 1.061 Å and an underfocus range of 1.0--2.3 μm resulting in 2031 micrographs. Each micrograph was recorded as a series of 7 frames (3.9 e^−^/Å^2^ pre-exposure; 5.2 e^−^/Å^2^ dose per frame). All seven frames (accumulated dose of 40.3 e^−^/Å^2^) were motion-corrected using the Unblur program ([@B10]) and power-spectra, defocus values, astigmatism and estimation of micrograph resolution were determined using CTFFIND4 ([@B11]). Five hundred and forty-five micrographs showing Thon rings beyond 3.2 Å resolution were manually inspected further for good areas and power-spectra quality. Three times decimated data were pre-processed using the SPIDER software package ([@B12]), in combination with an automated workflow as described previously ([@B13]). After initial, automated particle selection based on the program SIGNATURE ([@B14]), initial alignment was performed with 56 475 particles using *E. coli* LSU as a reference structure ([@B15]). The dataset could be sorted into 37 626 (66.6%) ribosomal particles and 18 849 (33.3%) non-aligning particles using an incremental K-means-like method of unsupervised 3D sorting ([@B16]) ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Undecimated ribosomal particles were again initially aligned against an *E. coli* LSU and subsequently refined using FREALIGN ([@B17]). Since the SSU of the chlororibosome was flexible, focused alignment and refinement was performed by applying masks either on the SSU or LSU. Due to inherent flexibility, the SSU of the chlororibosome could be refined to an average resolution of 5.4 Å (0.143 FSC) and a local resolution extending to 5.0 Å for the core, whereas the LSU of the chlororibosome could be refined to an average resolution of 3.6 Å (0.143 FSC) and a local resolution extending to \<3.5 Å for the core. The local resolution of the final maps was computed using ResMap ([@B18]) ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The final maps were sharpened by dividing the maps by the modulation transfer function of the detector and by applying an automatically determined negative B-factor (−86 for the LSU and −130 for the SSU) to the maps using RELION ([@B19]).

Molecular modeling and map-docking procedures {#SEC2-4}
---------------------------------------------

The molecular model of the chloroplast LSU was based on the *E. coli*-70S-EF-Tu structure ([@B20]). The 23S rRNA secondary structure was initially generated by manual alignment of the chloroplast 23S rRNA sequence and the secondary structure map ([@B21]) to the *E. coli* 23S secondary structure map, which shows high structural similarity. The 16S, 5S and 4.8S rRNA sequences of the chloroplast ribosome were aligned accordingly. The resulting rRNA homology models were rigid-body fitted into the respective chloroplast EM-map using Chimera ([@B22]). Subsequently, the models were manually adjusted and refined using Coot ([@B23]). *E. coli*-based ([@B20]) homology models of the cpRPs were built using SwissModel ([@B24]) and HHPred ([@B25]) and rigid-body fitted into the map. cpRP-specific extensions were modeled in Coot ([@B23]). PSRP5 and PSRP6 were modeled *de novo*, using secondary structure predictions generated by PsiPred ([@B26]) as a reference. The complete atomic model of the chloroplast LSU was subsequently refined using *phenix.real_space_refine* ([@B27]) with secondary structure restraints calculated by PHENIX. In order to reduce the clashscore, the model was additionally refined in reciprocal space using REFMAC ([@B28]) in EM mode. Cross-validation against overfitting was performed as described elsewhere ([@B29],[@B30]). The statistics of the refined model were obtained using MolProbity ([@B31]).

Figure preparation {#SEC2-5}
------------------

All figures showing electron densities and atomic models were generated using UCSF Chimera ([@B22]) and PyMol Molecular Graphics Systems (version 1.8 Schrödinger).

RESULTS and DISCUSSION {#SEC3}
======================

Cryo-EM structure of the chloroplast 70S ribosome {#SEC3-1}
-------------------------------------------------

Chloroplast 70S ribosomes were isolated from *S. oleracea* (spinach) leaves as described previously ([@B8],[@B9]) and subjected to single particle cryo-EM analysis. The cryo-EM data was collected on a Titan Krios transmission electron microscope with a Falcon II direct electron detector. From a total of 56,475 ribosomal particles, *in silico* sorting revealed extreme flexibility of the SSU with respect to the LSU ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). To overcome this conformational heterogeneity, focused alignment was performed independently for each ribosomal subunit using FREALIGN ([@B17]). Subsequent refinement yielded cryo-EM reconstructions of the chloroplast SSU and LSU (Figure [1A](#F1){ref-type="fig"}--[D](#F1){ref-type="fig"}), with an average resolution of 5.4 Å and 3.6 Å, respectively ([Supplementary Figure S2 and Table S1](#sup1){ref-type="supplementary-material"}).

![Cryo-EM structure of the chloroplast SSU and LSU. (**A--D**) Cryo-EM map (transparent gray) of the spinach chloroplast (A and B) SSU and (C and D) LSU, illustrating the additional density for cpRPs (green) and extra density assigned to PSRPs (blue) and the ribosome recycling factor (RRF). The molecular model for the SSU and LSU includes rRNA (gray) and cpRPs (yellow).](gkw1272fig1){#F1}

Analysis of the chloroplast SSU {#SEC3-2}
-------------------------------

The resolution of the SSU allowed a homology model of the spinach chloroplast SSU to be rigid body fitted based on the high sequence similarity between the *E. coli* and *S. oleracea* rRNA and RPs ([@B8]). As already noted ([@B8]), the major difference with respect to the 16S rRNA is the shortening of helices h6, h10 and h17 in the chlororibosome rRNA, leading to a truncated spur (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}) when compared to the *E. coli* SSU. In the previous chlororibosome cryo-EM structure, additional protein density was observed, which was tentatively assigned to PSRP2 and PSRP3, and proposed to compensate for the truncated spur rRNA ([@B8]). At higher resolution, this extra spur density was not well-resolved (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}), however, filtering at lower resolution indeed revealed extra density within this region ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The mass of the extra spur density could not account fully for either PSRP2 or PSRP3, suggesting that if one of these PSRPs is bound there it is highly flexible.

As mentioned, the *S. oleracea* cpRPs are larger than their respective *E. coli* counterparts due to the presence of NTEs and/or CTEs ([@B6]). To ascertain the location of the cpRP extensions, homology models for the *S. oleracea* cpRPs were generated based on *E. coli* templates ([@B20],[@B32]), which were then fitted to the cryo-EM map of the chloroplast SSU (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). In many cases, additional density continuous with the N- or C-termini of the cpRPs could be identified, consistent with the presence of predicted *S. oleracea* cpRP-extensions that are absent in the respective *E. coli* RPs (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). For example, density was observed for the NTE of cpS5, which is 86 aa longer than *E. coli* S5 (EcS5) ([@B6]). In addition, density for the NTEs of cpS9, cpS10 and cpS21 and the CTEs of cpS16 and cpS18 were observed, as well as a rearrangement of the N-terminus of cpS4. The extensions of the cpRPs are located exclusively on the back or cytosolic side of the SSU, but nevertheless encroach on two functional regions related to the path of the mRNA. Specifically, the CTE of cpS18 and the NTE of cpS21 are located at the platform region in vicinity of where the Shine-Dalgarno helix forms between the 5΄ end of the mRNA and the 3΄ end of the 16S rRNA ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The N-terminus of cpS4, and particularly the NTE of cpS5, surround the mRNA entry channel (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}; [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Curiously, we also observed extra density in this region that does not originate from any of the neighboring cpRP extensions. The extra density connects the head and body of the 30S subunit, namely, bridging the tip of helix h16 in the body with cpS3 of the head. This connection is often referred to as the 'latch' because it has been observed to open and close during translation initiation ([@B33],[@B34]). Mass spectrometry analysis did not detect additional non-orthologous proteins on the spinach chloroplast SSU ([@B5]--[@B7]), therefore, the additional density may actually be derived from part of PSRP2 or PSRP3, but we cannot exclude that it is derived from unrelated proteins.

Finally, we identified two additional densities that we assigned to PSRP1 and PSRP4 ([Supplementary Figure S4A and B](#sup1){ref-type="supplementary-material"}). In agreement with the previous localization ([@B8]), we allocated the density within the head of the SSU to PSRP4 (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}) based on its similarity in sequence and binding position with Thx, a small RP identified in the *Thermus thermophilus* SSU ([@B35]). Similarly, we assigned the additional density located within the decoding site on the intersubunit side of the SSU to the N-terminal domain (NTD) of PSRP1, as reported previously ([@B8],[@B36]). Sequence alignments indicated that PSRP1 is not a *bone fide* cpRP but rather a homolog of a long form hibernation-promoting factor, which is responsible for 100S formation (70S dimerization) ([@B37]). The NTD of PSRP1 is homologous with YfiA and the short form HPF, both of which have also been shown to bind analogously to the SSU of bacterial 70S ribosomes ([@B38],[@B39]), overlapping the binding site of the mRNA and tRNAs in the A- and P-sites ([Supplementary Figure S4C and D](#sup1){ref-type="supplementary-material"}). No density was observed for the C-terminal domain of PSRP1, which has been shown to be responsible for 100S formation in some bacteria ([@B40],[@B41]).

Molecular model for the chloroplast LSU {#SEC3-3}
---------------------------------------

Consistent with the local resolution calculations ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), the electron density was particularly well resolved within the core of the LSU, whereas the periphery of the subunit was less defined. We were able to generate molecular models for 28 of the 33 cpRPs present in the chlororibosome (Figure [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"}; [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). cpRPs L1, L10, L11, L7/L12 and L31 were not modeled due to poor density. The density for cpL5, cpL6 and cpL18 allowed only a rigid body fit of a homology model based on EcL5 and EcL6, and only the NTD of cpL9 was included in the final model. As observed previously ([@B8]), density was not observed for L25 and L30, consistent with the absence of genes encoding these cpRPs in plant and chloroplast genomes ([@B4]). We could also model domain I of the chloroplast ribosome recycling factor (cpRRF) ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), which was bound analogously to that reported previously on the chlororibosome at lower resolution ([@B8]) as well as on bacterial ribosomes ([@B42],[@B43]). Together with cpEF-G, cpRRF has been demonstrated to dissociate PSRP1 from the chlororibosome ([@B36]). In addition, molecular models are presented for the complete 5S and 2843 (97.6%) of the 2913 nucleotides that comprise the 4.8S and 23S rRNAs (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}; [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

![Molecular model for the chloroplast LSU. (**A--C**) Three overviews of the chloroplast LSU with rRNA (gray ribbons) and modeled cpRPs and PSRPs shown with a spacefill representation and colored and labeled individually.](gkw1272fig2){#F2}

![Location of rRNA insertions and deletions in the chlororibosome. (**A** and **B**) Two overviews of the chloroplast LSU with 4.8S (teal), 5S (purple) and 23S (cyan) rRNA, highlighting insertions (green) on the cp23S and deletions (red) relative to Ec23S. (**C--F**) Examples of deletions in the cp23S (cyan) relative to the Ec23S (gray) include deletion of (C) 16 nts in H98, (D) 14 nts in H9, (E) 6 nts in H45 and (F) 27 nts in H63. (**G** and **H**) Examples of additions in the cp23S (cyan) relative to the Ec23S (gray) include insertion of (G) 30 nts in H15 and (H) 4 nts in H68.](gkw1272fig3){#F3}

Features of the chloroplast LSU rRNAs {#SEC3-4}
-------------------------------------

Unlike the mammalian mitoribosome where a tRNA molecule substitutes for the lack of a 5S rRNA ([@B44],[@B45]), the chlororibosome contains a 5S rRNA (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}) that is highly similar in sequence and structure to the bacterial 5S rRNA. As mentioned, the chloroplast 23S rRNA is present in the chlororibosome as two pieces, a 5΄ fragment representing H1-H97 of domains I-VI (hereafter referred to as cp23S rRNA) and a 3΄ fragment comprising H99-H101 of domain VII (termed 4.8S rRNA) (Figure [3A](#F3){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). This results in the loss of H98 (Δ16 nts) that links domains VI and VII within the *E. coli* 23S (Ec23S) rRNA (Figure [3C](#F3){ref-type="fig"}). Together with reductions in helices H9 (Δ14 nts), H45, (Δ6 nts), H63 (Δ27 nts) (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}), the cp23S rRNA has a total of 75 nts missing relative to the Ec23S rRNA. While the reductions lead to a shortening in the length of H9 and H45 (Figure [3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}), the effect on H98 and H63 results in the complete absence of these helices in the chlororibosome (Figure [3C](#F3){ref-type="fig"} and [F](#F3){ref-type="fig"}). Nevertheless, the combined length of the chloroplast LSU rRNA (3034 nts) is similar to that for *E. coli* (3024 nts) because the four rRNA reductions in the cp23S rRNA are compensated by five rRNA additions ([@B8]). This includes additional nucleotides within H15 (+30 nts), H38 (+20 nts), H58 (+23 nts) and H68 (+4 nts) of the cp23S rRNA, as well as +8 nt insertion in the linker connecting H100 and H101 of the 4.8S rRNA (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). The insertions within H15 (Figure [3G](#F3){ref-type="fig"}) and H68 (Figure [3H](#F3){ref-type="fig"}) are base-paired and well resolved in the model, whereas the density for the non-base-paired insertions within H38 and the H100--H101 linker are poorly defined and therefore not included in the final model.

Localization of cpRPs and extensions {#SEC3-5}
------------------------------------

In contrast to the SSU cpRPs, the LSU cpRPs are significantly longer than their *E. coli* counterparts due to the presence of NTEs and/or CTEs ([@B5]). As expected, additional density continuous with the N- or C-termini of the LSU cpRPs was observed (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}), allowing 283 amino acids of the cpRP extensions to be modeled (Figure [4A](#F4){ref-type="fig"}; [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). In particular, cpRPs L13, L15, L21, L22, L24, L27, L29 and L34 have long NTEs and/or CTEs (Figure [4A](#F4){ref-type="fig"}). In addition, cpL33 has a β-hairpin with an internal expansion of 13 aa compared to EcL33 (Figure [4A](#F4){ref-type="fig"}). There are four major exceptions of cpRPs (L2, L17, L19 and L23) that have significant deletions (\>2 aa) compared to their *E. coli* counterparts. In the chlororibosome, cpL17 is C-terminally truncated by 11 aa, although only 4 aa of these are observed in the *E. coli* 70S ribosome structures ([@B20],[@B32]). The N-terminus of cpL2 is shorter than EcL2 by only 6 aa, yet we observed no density for the first 25 aa (Figure [4B](#F4){ref-type="fig"}). Similarly, the CTE of cpL19 is not only 4 aa shorter than EcL19, but the last 11 aa also adopt a distinct conformation (Figure [4B](#F4){ref-type="fig"}). Lastly, the β-hairpin of EcL23 that reaches into the tunnel lumen in the *E. coli* ribosome ([@B20],[@B32]) is significantly shorter in the chlororibosome (Figure [4B](#F4){ref-type="fig"}), reminiscent of the archaeal/eukaryotic L23 homologs ([@B46],[@B47]). However, unlike archaeal/eukaryotic ribosomes that compensate for the truncated L23 with the presence of aeL38 ([@B46],[@B47]), the equivalent space remains vacant in the chlororibosome.

![Molecular models indicating cpRP extensions and deletions. (**A**) Structures of cpRPs showing the core region equivalent to the respective EcRPs (gold) with N-terminal extensions (NTEs), C-terminal extensions (CTEs) or the internal expansion (ITE) highlighted (green). The numbers indicate the modeled residues with the total expansion length indicated in parentheses. (**B**) Structures of cpRPs (gold) compared with the respective EcRPs (blue) highlighting amino acid deletions (in parentheses) in cpRPs relative to EcRPs.](gkw1272fig4){#F4}

Binding sites of PSRP5 and PSRP6 on the LSU {#SEC3-6}
-------------------------------------------

Subsequent to modeling of the LSU rRNAs as well as all the cpRPs and cpRP extensions, we noticed that two unmodeled regions of electron density were present in the cryo-EM map, which we assigned to PSRP5 and PSRP6 (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). Due to their buried location within the chlororibosome, the electron density was well resolved (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}), in agreement with local resolution calculations (Figure [5C](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}), enabling unambiguous models for both PSRP5 and PSRP6 to be generated (Figure [5E](#F5){ref-type="fig"} and [F](#F5){ref-type="fig"}; [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Consistent with secondary structure predictions, PSRP5 consists of a short C-terminal α-helix connected by a linker to a long central α-helix (Figure [5E](#F5){ref-type="fig"}). The binding site of PSRP5 is located at the base of the LSU directly under the L1 stalk, with the N-terminus extending toward the intersubunit interface (Figure [5G](#F5){ref-type="fig"}). We note that 38 aa are missing from the N-terminus in our model, presumably due to flexibility outside of the ribosome. The surface of the buried regions of PSRP5 is highly positively charged ([Supplementary Figure S4F and G](#sup1){ref-type="supplementary-material"}), as would be expected from the surrounding negatively charged rRNA environment. The short C-terminal α-helix of PSRP5 inserts into the minor groove of H60, whereas the central α-helix establishes interactions with H58 (Figure [5H](#F5){ref-type="fig"}). The specificity of PSRP5 for the chlororibosome may be due to the interaction with H58, since there are significant differences in both the sequence and structural conformation of H58 when comparing with the *E. coli* 70S ribosome (Figure [5I](#F5){ref-type="fig"}). We note that the position of PSRP5 was mis-assigned in the previous structure of *S. oleracea* chloroplast 70S ribosome ([@B8]), probably due to the small size of the protein and the limited resolution of the reconstruction.

![Localization of PSRP5 and PSRP6 on the chlororibosome. (**A** and **B**) Cryo-EM electron density (mesh) with molecular models for (A) PSRP5 and (B) PSRP6. (**C** and **D**) Cryo-EM electron density for (C) PSRP5 and (D) PSRP6 colored according to local resolution. (**E** and **F**) Molecular models showing secondary structure for (E) PSRP5 and (F) PSRP6. (**G**) Binding site of PSRP5 (gold) on the LSU (cyan). (**H** and **I**) Interaction between PSRP5 (gold) and H58 and H60 of the cp23S rRNA (cyan), with (I) comparison of different conformation of H58 from the Ec23S rRNA (gray). (**J**) Binding site of PSRP6 (gold) on the LSU (cyan). (**K** and **L**) Interaction between the N-terminus of PSRP6 (gold) and H40, H42 and H89 of the cp23S rRNA (cyan), and (**L**) the C-terminus of PSRP6 (gold) with the cpL21 (green).](gkw1272fig5){#F5}

PSRP6 adopts a very extended conformation (Figure [5F](#F5){ref-type="fig"}) that winds its way through the ribosome (Figure [5J](#F5){ref-type="fig"}--[L](#F5){ref-type="fig"}). The N-terminal half of PSRP6 is predominantly positively charged ([Supplementary Figure S4I--K](#sup1){ref-type="supplementary-material"}), consistent with the extensive interaction with the negatively charged rRNA (Figure [5K](#F5){ref-type="fig"}). The N-terminus of PSRP6 interacts with the minor grooves of H89, H40 and H42 as it winds its way out of the ribosomal core (Figure [5K](#F5){ref-type="fig"}). The two short central α-helices of PSRP6 are positioned within the minor grooves of H40 and H42 and are separated by a linker region that passes near to the 5S rRNA (Figure [5K](#F5){ref-type="fig"}). The C-terminal half of PSRP6 is less charged ([Supplementary Figure S4I](#sup1){ref-type="supplementary-material"}), consistent with an interaction with the globular domain of cpL21, rather than with rRNA. The C-terminus of PSRP6 donates a β-strand to augment the β-sheet of cpL21 (Figure [5L](#F5){ref-type="fig"}) before extending into the solvent where the C-terminal 22 aa are not visualised. The conservation of this region between *S. oleracea* chloroplast and *E. coli* 70S ribosomes suggests that PSRP6 could in principal bind analogously to the *E. coli* 70S ribosome.

cpRP extensions and rRNA stabilization {#SEC3-7}
--------------------------------------

Generally, the NTE and CTE of cpRPs contain positively charged amino acids that establish additional interactions with the surrounding rRNA, predominantly with the phosphate-oxygens of the backbone. For example, the 10 aa CTE of cpL34 interacts with the loop of helix H8 of the 23S rRNA and forms a potential hydrogen bond from Lys148 with the backbone of U1638 within H51 (Figure [6A](#F6){ref-type="fig"}). In many cases, the cpRP extensions interact with the minor groove of rRNA helices. Such an interaction is illustrated by the 25 aa CTE of cpL15, which inserts into the minor groove of a helix formed from the loops of H22 and H88 (Figure [6B](#F6){ref-type="fig"}). Lys243 comes within hydrogen bonding distance of the ribose of A427 and Tyr241 stacks upon A213 that makes an A-minor interaction within the H22/H88 helix (Figure [6B](#F6){ref-type="fig"}). Similarly, the 18 aa NTE of cpL24 that penetrates deeper into the ribosomal core, approaches the minor groove of an rRNA helix formed from the loops of H6 and H7, before the N-terminus emerges within the tunnel lumen (see later).

![Interaction of cpRP extensions with rRNA. (**A--D**) Examples of interaction of cpRP extensions (gold) with cp23S rRNA (cyan) include the (A) CTE of cpL34 with H51, (B) CTE of cpL15 with H22/H88, (C) CTE of cpL35 with H38 and (D) NTE of cpL13 with H41. (**E**) Interaction of NTE of cpL13 (gold) with the 3΄ end of the cp23S (cyan) and the 5΄ end of the 4.8S (pink) in the chlororibosome, superimposed with the (**F**) *Escherichia coli* 70S ribosome showing that H10 of the Ec23S (gray) overlaps with the NTE of cpL13 (gold). (**G**) Interaction of CTE of cpL27 (gold) with the three-way junction of H38 (cyan) of the chlororibosome, whereas in the (**H**) *E. coli* 70S ribosome, EcL27 (green) has no extension and H38 (gray) is bound by EcL30 (red).](gkw1272fig6){#F6}

We also observed that the cpRP extensions often reinforce interactions with rRNA elements that are already contacted by the core of the cpRP, as illustrated by cpRPs L35 and L13 (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). Arg140 in the core of cpL35 contacts the phosphate-oxygen of G966 in H38, an interaction also observed for EcL35 (Figure [6C](#F6){ref-type="fig"}). This contact is reinforced in the chlororibosome by a potential hydrogen bond from Arg157 within the 7 aa CTE of cpL35 to the backbone of C966 within H38 (Figure [6C](#F6){ref-type="fig"}). Similarly, the interaction from Arg126 in the core of cpL13 with A1170 in H41 is reinforced in the chlororibosome by an additional hydrogen bond from Arg245 within the NTE of cpL13 to the backbone of A1170 within H41 (Figure [6D](#F6){ref-type="fig"}).

Three of the cpRP extensions contain α-helical secondary structure, namely within the NTE of cpL13 and the CTEs of cpL15 and cpL27 (Figure [4A](#F4){ref-type="fig"}). The α-helix within the CTE of cpL15 interacts with H68, which as mentioned is extended in the chlororibosome compared to the *E. coli* 70S (Figure [3H](#F3){ref-type="fig"}). In the chlororibosome, the NTE of cpL13 forms an α-helix that interacts with the junction where the 5΄ end of the 4.8S rRNA meets the 3΄ end of the cp23S rRNA (Figure [6E](#F6){ref-type="fig"}). Comparison with the *E. coli* 70S ribosome revealed that the N-terminal α-helix of cpL13 occupies the position of H10 of the Ec23S rRNA (Figure [6F](#F6){ref-type="fig"}), which is absent in the chlororibosome (Figure [6E](#F6){ref-type="fig"}). The α-helix within the CTE of cpL27 appears to stabilize a three-way junction formed by the insertion of 20 nts within H38 of the cp23S rRNA (Figure [6G](#F6){ref-type="fig"}), which is lacking in the Ec23S rRNA (Figure [6H](#F6){ref-type="fig"}). The site of insertion in H38 in the cp23S rRNA correlates with the position of expansion segment 12 (ES12L) in eukaryotic 80S ribosomes ([@B47],[@B48]). In the *E. coli* ribosome, EcL30 contacts H38 in the vicinity of the insertion site (Figure [6H](#F6){ref-type="fig"}). Such an L30-H38 interaction would not be possible in the chlororibosome due to the presence of the additional rRNA helix in H38, thus providing a possible explanation as to why L30 is missing in plant chloroplasts.

Intertwining of cpRP extensions at the tunnel exit {#SEC3-8}
--------------------------------------------------

A number of differences with the *E. coli* 70S ribosome were evident when examining the back or cytosolic side of the LSU of the chlororibosome, in particular, the region surrounding the tunnel exit site. As mentioned, the β-hairpin of cpL23 is shorter than EcL23 leading to an enlarged luminal space near the exit site of the chlororibosome (Figure [7A](#F7){ref-type="fig"}--[C](#F7){ref-type="fig"}). In contrast, the opposite side of the tunnel from cpL23 has extra mass due to the presence of the NTE of cpL24 that penetrates into the ribosomal core from the surface located globular domain (Figure [7B](#F7){ref-type="fig"}). The 27 aa CTE of cpL29 intertwines with the NTE of cpL23 (Figure [7B](#F7){ref-type="fig"}), which together occupy the space where 23S rRNA helix H10 is situated in the *E. coli* 70S ribosome (Figure [7C](#F7){ref-type="fig"}). Comparison with the binding site of *E. coli* SRP on the ribosome ([@B49],[@B50]), suggests that the CTE of cpL29 could play a role in recruitment cpSRP54 to the chlororibosome (Figure [7D](#F7){ref-type="fig"}).

![Interaction of cpRP extensions with rRNA. (**A**) View onto the tunnel exit site of the chloroplast LSU with rRNA (cyan) and highlighting cpRPs L23 (orange), L29 (purple), L24 (tan), L22 (green), L13 (blue) and L21 (yellow). (**B**) Zoom of (A) highlighting the NTE of cpL24 and cpL23, and the CTE of cpL29 as well as the shorter β-hairpin of cpL23. (**C**) Equivalent view of (B) but for *Escherichia coli* 70S ribosome, highlighting the absence of EcL24-NTE and the presence of the β-hairpin of EcL23 in the tunnel lumen, as well as H10 of Ec23S rRNA. (**D**) Superimposition of EcSRP (blue) on chlororibosome illustrating overlap with the CTE of cpL29. (**E**) Chloroplast LSU, colored as in (A), illustrating additional cpRP protein mass that expands the potential surface area of the LSU and facilitates its possible interaction with the thylakoid membrane (TM). (**F**) Zoom of boxed region in (E) without rRNA to illustrate the contribution of the cpRP extensions (NTE/CTE) of L21 (yellow), L13 (blue) and L22 (green) to the thylakoid membrane interaction surface.](gkw1272fig7){#F7}

By far the largest conglomerate of cpRP extensions is located at the back of the LSU adjacent to the tunnel exit site (Figure [7E](#F7){ref-type="fig"}). This conglomerate comprises the 45 aa (of 52 aa) NTE of cpL13, 22 aa (of 67 aa) from the NTE of cpL21 and 37 aa (of 60 aa) CTE of cpL22, which reach out from the respective globular domains to form multiple protein--protein interactions with each other (Figure [7F](#F7){ref-type="fig"}). The high flexibility of the extensions, and the poor quality of the density at the periphery of the ribosome, enabled only the backbone of the protein extensions to be traced. Moreover, the N-terminal 45 aa of the NTE of cpL21 could not be modeled, although density was observed at lower thresholds suggesting that these residues establish additional interactions with the CTE of cpL22. Collectively, these cpRP extensions expand the area of the LSU and could facilitate interaction with the thylakoid membrane (Figure [7E](#F7){ref-type="fig"}).

CONCLUSION {#SEC4}
==========

Here we present a near-complete molecular model for the spinach chloroplast LSU, revealing the location of rRNA insertions and deletions, cpRP extensions as well as the binding site of two plastid-specific RPs, PSRP5 and PSRP6. Prior to submission, a cryo-EM structure of the spinach chloroplast 50S subunit was reported by Ahmed and coworkers ([@B51]). Generally, the results appear to be in good agreement with our structure, although a careful comparison cannot be undertaken as the cryo-EM map and model were not yet available at the time of submission, nor during the review process. In general, the differences of the chlororibosome with respect to the eubacterial *E. coli* 70S ribosome are localized to peripheral regions of the ribosome and not within core functional regions that would be expected to influence translational activity, such as the subunit interface, peptidyl-transferase center or translation factor binding site. One major exception is related to the ribosomal tunnel through which the nascent polypeptide chain passes as it is synthesized. In the chlororibosome, we observed that the lower region of the tunnel differs from bacteria due to a shorter β-hairpin of cpL23 and the additional presence of the NTE of cpL24. Formation of α-helical secondary structure within nascent polypeptides chains has been observed in this region of the ribosomal tunnel ([@B52]). Structural changes within this region of the chlororibosome may facilitate targeting and insertion of transmembrane-containing proteins into the thylakoid membrane. In this respect, we also note that the CTE of cpL29 could play a role in recruitment of cpSRP54 to the chlororibosome. Unlike bacterial SRPs, the cpSRP lacks the 4.5S RNA (termed, SRP RNA) and comprises only the SRP54 protein, and therefore the CTE of cpL29 may contribute to stabilization of SRP54 interaction with the chlororibosome. Finally, we observed a large conglomerate of cpRP extensions that expand the surface area at the back of the LSU. We suggest that this may facilitate interaction of the chlororibosome directly with the thylakoid membrane and/or membrane-bound components of the targeting machinery, and thereby increase the efficiency of membrane protein insertion. As mentioned, the majority of the chloroplast-encoded proteins is targeted to the thylakoid membranes, including components of the ATP synthase, cytochrome b/f and especially photosystem I and II complexes ([@B4]).

ACCESSION NUMBERS {#SEC5}
=================

The coordinates and cryo-EM map for the chlororibosome have been deposited in the Protein Data Bank and EM DataBank under accession codes PDB ID 5MLC and EMD-3525/EMD-3526, respectively.
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